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2.3 TITAN'S SPECTRUM AND ATMOSPHERIC COMPOSITION 
L. M.  Trafton 
Morphology of T i t an ' s  Near-Infrared Spectrum 
T i t an ' s  spectrum is  remarkable both f o r  i t s  s i m i l a r i t y  and i t s  d i s s imi l a r -  
i t y  with the  spectrum of Saturn.  The s i m i l a r i t y  shows up i n  the  low re so lu t ion  
spec t r a  o f  t he  two objec ts  and a l so  a t  very high resolu t ion  where the re  is  a  
p a r a l l e l  microstructure i n  the  s p e c t r a l  f ea tu re s  o f  both ob jec t s .  A t  i n t e r -  
mediate resolu t ion ,  however, t h e r e  are  gross d i f ferences  i n  t h e  sense t h a t  
T i t a n ' s  bands appear r e l a t i v e l y  washed out .  The cen te r  o f  the  s t rooges t  bands 
are f i l l e d  i n  and t h e  wings a re  enhanced i n  s t r eng th .  The f i r s t  t h r e e  f igu res  
i l l u s t r a t e  these  c h a r a c t e r i s t i c s .  
Figure 2-1 shows t h e  re4  and near- inf rared  spec t r a  o f  Ti tan ,  Saturn,  and 
t h e  Rings. The Ring spectrum showsothe t e l l u r i c  andosolar  absorption f ea tu res .  
The r e so lu t ion  element i s  about 17 A. oTi tan ' s  7250 A methane band is  weaker 
than Saturn ' s  band as i s  T i t an ' s  6000 A methane band, but l e s s  so. On t h e  
o the r  hand, t he  weak 7000 A methane band may be s t ronge r  i n  T i t an ' s  spectrum. 
There i s  a l so  a  not iceable  widening of T i t an ' s  bands compared t o  Saturn ' s .  This 
widening i s  r e l a t i v a l y  small i n  t h i s  s p e c t r a l  region. Spect ra  o f  Titan and 
Saturn i n  t h e  8900 A methane complex, r a t ioed  to, t h e  spectrum of Saturn ' s  Rings 
t o  remove sola,r and t e l l u r i c  f ea tu res ,  a r e  shown i n  Figure 2-2. The cen te r  of  
T i t an ' s  8900 A band i 2  markedly f i l l e d ,  t h e  8600 A band is  f i l l e d  t o  a  l e s s e r  
degree, but  t he  8400 A band ac tua l ly  i s  s t ronge r  i n  T i t an ' s  spectrum than i n  
Saturn ' s  spectrum. This f igu re  a l s o  shows the  p a r a l l e l  microstructure c l ea r ly .  
Many small-scale f ea tu res  i n  T i t an ' s  spectrum a l so  appear i n  Saturn ' s .  Figure 
2-3 shows the  s p e c t r a  of T i t an ' s  and Saturn ' s  one-micro! methane complex r a t ioed  
t o  Sa tu rn ' s  Rings. The wavelength range is about 9500 A t o  1.1 micron. Again, 
there  i s  a  p a r t i a l  washing out  of  T i t an ' s  spectrum with respect  t o  Sa tu rn ' s  as 
well as a  p a r a l l e l  microstructure.  The long wavelength wing i s  enhanced i n  
T i t an ' s  spectrum more than the  wing a t  s h o r t e r  wavelength. The 3v3 methane 
band i s  v i s i b l e  on t h e  r i g h t .  
Figure 2-4 shows a  b e t t e r  representa t ion  of t he  1 .1  micron spectrum f o r  
Saturn,  Ti tan ,  and Uranus r a t ioed  t o  t h e  Rings. The 3v3 band c l e a r l y  i s  absorb- 
ing  much more s t rongly  i n  T i t an ' s  spectrum than i n  Saturn ' s  spectrum. The Q 
branch i s  v i s i b l e  i n  each of t hese  spec t r a  as well  as t h e  R and P  branches. 
There i s  a  progressive increase  of absorption i n  t h i s  sequence. The lo s s  of 
con t r a s t  presumably r e s u l t s  from the  f i l l i n g  i n  of t he  continuum by overlapping 
l i nes .  The Q branch is  shown a t  higher r e so lu t ion  (6.6 1) i n  Figure 2-5. On t h e  
l e f t ,  t h e  whole f ea tu re  appears with t h e  R(0) manifold f o r  Saturn.  On t h e  r i g h t ,  
t he  cen t r a l  region of t h i s  f e a t u r e  is  depicted f o r  Saturn ' s  South cen t r a l  merid- 
i an ,  Ti tan ,  and Saturn ' s  equator,  respect ive ly .  Note the  increased absorption 
going toward t h e  limb of Saturn. According t o  t h e  loca l  continuum, the  equiv- 
a l e n t  width of T i t a n ' s  Q branch i s  about 2/3 t h e  equivalent  width of t h a t  f ea tu re  
i n  Saturn ' s  spectrum. 
The Bulk of T i t a n ' s  Vis ib le  Atmosphere 
Observations of t h e  R(5) manifold of t h e  3v3 band are  shown i n  Figure 2-6. 
The f i r s t  two s p e c t r a  a re  of Saturn and t h e  Ring. The l a t t e r  reveals  only a  weak 
water absorption f ea tu re .  There follow th ree  independent observations o f  f i t a n  
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Figure 2-1. Comparative spectra of Saturn's Rings, Titan and the center 
of Saturn's disc in A6200 - A7250 1 CHq bands. After Trafton 
(1973a). Reprinted from Icarus, 21:in press, with permission 
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of Academic Press, Inc. All rights reserved. 
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Figure 2-2.  Comparative spect ra ,of  Saturn and Titan r a t ioed  t o  the  
Rings f o r  t he  8900 A CH4 complex. 
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Figure 2-3. Comparative spec t ra  o f  Ti tan  and Saturn r a t ioed  t o  t h e  
Rings a t  t h e  1-micron CH4 complex. 
WAVELENGTH 
Figure 2-4. Comparative spect ra  of Titan.  Saturn 's  south cen t ra l  meridian. 
and-Uranus a l i  r a t ioed  t o   atu urn's Ring spectrum i n  the  vic in-  
i t y  of t h e  3v3 CHq band a t  1.1 pm. Note the  s t rength  of T i t an ' s  
absorption. After Trafton (1973a). Reprinted from Icarus,  
21:in press ,  with permission of Academic Press,  Inc. A l l  r i g h t s  
- 
reserved. 
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Figure 2-5. Comparative spectra of the Q branch (X1105) of the 3v3 CH,, 
band for Titan and Saturn. (a) Saturn at low latitudes. The 
R(0) manifold (X11037) is visible here. (b) Narrow scans of 
the Q branch. The Saturn scans were taken with the slit set 
along the central meridian and excluded the Rings. After 
Trafton (1973a). Reprinted from Icarus, 2:in press, with 
permission of Academic Press, Inc. All rights reserved. 
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Figure 2-6. Comparative spec t ra  of the  R(5) manifold (X10973) of the  3v3 CH,, 
band. The f i r s t  spectrum is  taken along Saturn's south c e n t r a l  
meridian. The r i n g  spectrum shows the  s t rength  and posi t ion of 
t e l l u r i c  H20 absorption. The next three  spect ra  a r e  e n t i r e l y  
independent observations of Ti tan 's  R(5) manifold. The l a s t  
spectrum is  the  summation of these  divided by the  Ring spectrum 
t o  eliminate t h e  t e l l u r i c  absorption. The f i r s t  channel of the  
Ring spectrum corresponds p rec i se ly  t o  the  f i r s t  channel of the  
following Titan spectrum. After Trafton (1973a). Reprinted 
from Icarus ,  =:in press ,  with permission of Academic Press,  
Inc. . A l l  r i g h t s  reserved. 
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taken on d i f f e r e n t  days; t hese  agree f a i r l y  wel l .  The sum of these  observations 
r a t ioed  t o  t h e  Ring spectrzm i s  shown on the  r i g h t .  The equivalent  width of t he  
manifold i s  j u s t  over one Angstrom. 
This r e s u l t  i s  a  c r i t i c a l  one because from it I  conclude t h a t  a  c l e a r  gas 
cannot expla in  the  washing out  of  T i t an ' s  methane bands. There are  four  l i n e s  
which make upo th i s  fea ture ,  so  a  lower l i m i t  f o r  t he  equivalent  width of one of 
themois 250 mA. Thei r  Doppler width a t  t h i s  wavelength and a t  90°K i s  about 
11 mA. Figure 2-7 shows a  curve of growth f o r  a  Lorentz l i n e  which is  Doppler 
broadened. The ordinate  i s  e s s e n t i a l l y  t h e  log  of t h e  equivalent  width o f  a  
l i n e  i n  u n i t s  of  t h e  Doppler width and t h e  absc issa  is e s s e n t i a l l y  the  l i ne -  
s t r eng th  abundance product i n  u n i t s  of  t he  Doppler width. A purely Doppler 
p r o f i l e  would q u a l i t a t i v e l y  explain t h e  washing out o f  the  bands of Titan.  
Features i n  t h e  square-root  regime, however, would have too large  a  va r i a t ion  
of t h e  equivalent  width with mean l i n e  s t r eng th  t o  explain t h e  washing out  
of T i t a n ' s  bands. To e s t a b l i s h  T i t a n ' s  regime, note  t h a t  t h e  lower l i m i t  f o r  
t h e  equivalent  width t o  Doppler width r a t i o  f o r  one of t he  l i n e s  of T i t a n ' s  
R(5) manifold is  23. This corresponds t o  1.36 on the  ordinate  of Figure 2-7, 
well  above the  Doppler l i m i t  f o r  any p l aus ib l e  range of condit ions i n  T i t an ' s  
atmosphere, so  Doppler e f f e c t s  cannot wash out these  spec t r a l  fea tures .  This 
should a l so  be t r u e  f o r  T i t an ' s  s t ronge r  bands s ince  the  l i n e  dens i ty  appears 
not  t o  exceed 7  times t h a t  f o r  the  v g  methane band. In t h i s  region o f  the  
diagram, t h e  Lorentz domain, t h e  absorption i s  given e s s e n t i a l l y  by the  pres-  
s u r e  abundance product. Sa tu rn ' s  R(5) manifold i s  on the  po in t  of i n c i p i e n t  
s a tu ra t ion .  Thus, throughout t he  e n t i r e  range of physical  condit ions encom- 
passing those  of Saturn ' s  and T i t a n ' s  atmospheres, t h e  l i n e  absorption is  
given e s s e n t i a l l y  by the  pressure-abundance product. 
The f a c t  t h a t  the  absorption i n  T i t a n ' s  spectrum i s  s i m i l a r  t o  the  absorp- 
t i o n  i n  Saturn ' s  spectrum ind ica t e s  t h a t  T i t a n ' s  smal ler  atmospheric pressure  
must be compensated by g r e a t e r  gaseous abundances. This i s  t h e  fundamental 
reasoning f o r  my upward revis ion  by more than an order  of  magnitude of the  
amount of gas i n  T i t a n ' s  v i s i b l e  atmosphere. The column abundance is  a t  l e a s t  
2 km-A o f  gas o r  25 times t h a t  f o r  Mars. A pure methane atmosphere corresponds 
t o  2  km-A of gas a t  10 m i l l i b a r s  e f f e c t i v e  pressure  ( the  "surface" pressure  
would be 20 mi l l i ba r s ) .  Because the  absorption f ixes  the  pressure-abundance 
product, one could equally well  explain t h e  observation with l e s s  methane by 
adding another gas. For example, i f  t h e r e  were only 100 meter-A of methane on 
Titan and t h e  mean molecular weight of  t he  atmosphere were 16, then the re  would 
have t o  be about 20,000 meter-A of some unknown gaseous cons t i tuent .  
For 2  km-A of gas above T i t a n ' s  clouds, t he  r a t i o  of f u l l  width a t  ha l f  
maximum t o  Doppler width (d) is 0.6. The curve of growth f o r  t h i s  value has 
a  s l i g h t  i n f l e c t i o n  i n  it which could con t r ibu te  t o  washing out  spec t r a l  fea- 
t u r e s  only f o r  a  small  range of l i n e  s t r eng ths .  The value of t he  equivalent  
width a t  t h i s  i n f l e c t i o n  i s  s t i l l  l i k e l y  t o  be too low f o r  t he  s t rong methane 
bands, but  even f o r  those  bands which might be s i t ua t ed  i n  t h i s  domain, t he  
washing out  from t h i s  s l i g h t  i n f l e c t i o n  w i l l  be small .  This p i c t u r e  of T i t an ' s  
band absorption is  thus  se l f -cons is tent .  
Danielson: On the  question of t he  abundance, t he  t o t a l  width o f  the  band - 
never mind the  washing out - does t e l l  you something about abundances, does it 
not?  Presumably the  l i n e s  of methane t h a t  cont r ibute  t o  the  ou te r  wings of t he  
band are  weaker because i t  takes  more methane t o  exc i t e  them. Have you ever  
t r i e d  t o  s e t  any l i m i t s  on t h a t ,  o r  i s  that .where you get  your 2 km-A? . 
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Figure 2-7. The curves of growth f o r  a Lorentz l i n e  which is  Doppler broadened. 
W is  t h e  equivalent width, c t ~  is  t h e  Doppler width, Q i s  t h e  a i r -  
mass f ac to r  and S i s  the  mean l i n e  s t rength .  The parameters rep- 
r e sen t  t h e  r a t i o  of t h e  f u l l  width of ha l f  maximum t o  t h e  Doppler 
width (d l .  The dot  denotes a t y p i c a l  l i n e  of Saturn ' s  R(5) CHI+ 
manifold; t h e  dashed l i n e  is  t h e  lower l i m i t  t o  t h e  equivalent 
width of T i t a n ' s  R(5) manifold. 
Trafton:  No. Temperature w i l l  a l s o  a f f e c t  t he  band widths s o  t h a t  e x i s t i n g  
labora tory  data,  which are  obtained a t  room temperature, would not  be useful  
f o r  abundance est imates.  Comparison with Saturn ' s  CHI+ bands is  complicated 
by poss ib ly  d i f f e r e n t  regimes i n  t h e  curve o f  growth f o r  t he  ou te r  wings. 
Pollack: Ames i s  now measuring t h e  absorption o f  methane a t  d i f f e r e n t  tempera- 
t u re s .  What spectrum did you use t o  ge t  your 2  km-A? 
Trafton:  In my o r ig ina l  paper, I  used t h e  Q branch of the  3v3 band, but  now I 
use the  l e s s  ambiguous R(5) manifold. The r e s u l t s  e s s e n t i a l l y  agree. 
Pollack: Do you mean t o  say  you know t h e  s t r eng th  o f  the  given l i n e  and then 
you go through the  t h e o r e t i c a l  ca lcula t ion  t o  ge t  i t s  equivalent  width? I s  
t h a t  how you do i t ?  
Trafton:  In  essence, t h i s  i s  what I did. 
Ddnielson: Have you not  already emphasized t h a t  t h e  continuum i n  a l l  t hese  
p l ane t s  i s  s o  poorly known t h a t  a l l  kinds o f  th ings  could happen j u s t  due t o  
t h e  continuum absorption? 
Trafton:  I think we do s e e  the  continuum i n  the  v i c i n i t y  of these  bands I am 
t a l k i a g  about. T$e continuum geometric albedo i s  very f l a t  i n  t he  range from 
7500 A t o  10,000 A and i s  about 0.36 t o  0.40. 
Spectroscopic Evidence f o r  H2 
Spectroscopic evidence t h a t  H2 i s  l i k e l y  t o  be a  major cons t i tuent  of 
T i t an ' s  atmosphere i s  shown i n  Figures 2-8 through 2-11. They show s p e c t r a  o f  
Titan i n  t h e  region o f  t h e  (3-0) overtone o f  Hg. Figures 2-8 and 2-9 show t h e  
S(0) and S ( l )  f ea tu re s  fox t h e  1970 appar i t ion ,  with a  s l i t  giving a  resolu t ion  
element o f  a  t h i r d  of an Angstrom. On the  l e f t  of  Figure 2-8, a  summation of 3 
observations is  shown and on t h e  r i g h t  a  four th  observation o f  i n f e r i o r  q u a l i t y  
owing t o  a  l a r g e r  a i r  mass i s  added t o  these  three .  The arrows point  t o  the  
predic ted  pos i t i on  of the  hydrogen f ea tu res  on Titan.  They d i f f e r  from the  
pos i t i on  of Saturn because o f  t h e  Doppler s h i f t  a r i s i n g  from t h e  o r b i t a l  motion 
o f  Titan.  The disturbance i n  t h e  continuum, which shows up i n  both these  spec- 
t r a ,  agrees with t h e  predic ted  pos i t i on  wi th in  t h e  r e so lu t ion  element of  t he  
s l i t .  
Figures 2-10 and 2-11 show the  S(O) and S ( l )  l i n e s  obtained during t h e  
1972 appar i t ion  using a  new experimental se tup .  We used a  more s e n s i t i v e  photo- 
m u l t i p l i e r  tube having a  GaAs photocathode and an eche l l e  i n s t ea9  of t h e  usual 
gra t ing .  The resolu t ion  element was reduced t o  a  qua r t e r  o f  an Angstrom. These 
d a t a  depic t  s ing le  observations r a t h e r  than  summations of a  number o f  separa te  
observations.  F inal ly ,  t h e  smoothing technique was a  l e s s  subjec t ive  one, 
optimized from the  modeling o f  t he  power spect ra .  
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Figure 2-8. (a) Summation of t h e  th ree  Titan observations having the  l e a s t  
a i r  mass and covering t h e  s p e c t r a l  neighborhood of t h e  3-0 S(1) 
H2 l i n e .  The scans a r e  superposed i n  Ti tan 's  reference frame,o 
and the  dispersed posi t ions  of weak s o l a r  CN and S i  l i n e s  (4 mA) 
and a weak t e l l u r i c  H20 l i n e  a r e  indicated.  The spec t ra l  resolu- 
7 t i o n  AX and twice the  expected standard deviation 20 a r e  marked. 
The lower arrow points  t o  t h e  wavelength where S(1) absorption 
would. occur. (b) Similar t o  (a) except t h a t  a l l  four observa- 
t ions  a re  summed. After Trafton (197213). Reprinted from 
Astrophys. J . ,  =:288, with permission of The University of 
Chicago Press. O 1972. The American Astronomical Society. 
A l l  r i g h t s  reserved. Printed i n  U.S.A. 
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Figure 2-9. Summation of three  Titan observations covering the  spec t ra l  neigh- 
borhood of the  3-0 S(0) H2 l i n e .  The scans a r e  superposed i n  
Ti tan 's  reference frame, and the  dashes indicate  the  dispersed 
posit ions of the  weak so la r  CN and t e l l u r i c  H20 l ines .  The 
spec t ra l  resolut ion A X  and twice the  expected standard devia- 
t i o n  20 a r e  marked. The arrow points t o  the  wavelength where 
S(0) absorption would occur. The increased s t rength of the  
weak t e l l u r i c  H20 fea tu re  r e s u l t s  from the higher mean a i r  mass 
and absolute humidity. After Trafton (1972b). Reprinted 
from The Astrophys. J . ,  E : 2 8 8 ,  with permission of The 
University of Chicago Press. O 1972. The American Astro- 
nomical Society. A l l  r i g h t s  reserved. Printed i n  U.S.A." 
0 0.5 
SPATIAL FREQUENCY CHANNEL 
4000 COUNTS 
Figure 2-10. The 3-0 S(0) H2 l i n e  f o r  Titan during the  1972 appar i t ion .  
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Figure 2-11. The 3-0 S(1) H2 l i n e  f o r  Ti tan  du.ring the  1972 appar i t ion .  
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The arrows i n  Figures 2-10 and 2-11 show t h e  predic ted  wavelengths and t h e  
l i n e s  show the  pos i t i ons  o f  t he  H2 absorption f ea tu res  i n  Saturn ' s  spectrum. The 
S(1) l i n e  exh ib i t s  a n o i s i e r  spectrum a s  one can a l so  see  from t h e  white noise  
level  i n  the  power spectrum. Because of t he  increased noise ,  t h e  smoothing is  
heavier  than f o r  t he  S(0) l i n e .  Nevertheless, t h e r e  i s  an absorption f ea tu re  a t  
t he  pos i t i on  of t he  arrow. The locat ion  i s  i n  b e t t e r  agreement with the  pre-  
d i c t ed  pos i t i on ,  which i s  more Doppler s h i f t e d  than f o r  t he  S(0) l i n e .  The 
absorptions appear t o  be q u i t e  r e a l .  These two l i n e  f ea tu res  suggest a hydro- 
gen abundance of about 5 km-A, assuming t h a t  they indeed a r i s e  from hydrogen. 
Their  t e n t a t i v e  i d e n t i f i c a t i o n  r e s t s  pr imar i ly  on the  coincidences i n  wave- 
length f o r  t he  two fea tures .  
Spectroscopic Evidence f o r  Another Gas 
Additional spectroscopic evidence o f  T i t an ' s  atmospheric composition 
e x i s t s  i n  the  anomalous enhancement of t h e  absorption i n  the  long wavelength 
wing of t he  1-micron methane band. Figure 2-12 shows d i s t i n c t  djgferences 
between Sa tu rn ' s  spectrum and T i t an ' s  spectrum a t  resolu t ion  6.6 A. The most 
prominent d i f ference  occurs f o r  t he  f ea tu re  a t  1.053 um. I t  shows up very  
c l e a r l y  i n  Uranus ' spectrum. 
One can f ind  o the r  Ti tanian  absorption f ea tu res  which a l s o  show up i n  
Uranus' spectrum and which are  e i t h e r  undetectable i n  Saturn ' s  spectrum o r  are  
only marginally de tec table .  The 1.05 t o  1.07 um region of t h e  spec t r a  of 
these p l ane t s  i s  shown with r e so lu t ion  element 4 .4  8 i n  Figure 2-13. This 
f igu re  shows q u i t e  4 number of f ea tu re s  i n  the  spectrum of Titan which a r e  
confirmed i n  t h e  spectrum of Uranus but which a re  not  v i s i b l e  i n  the  spectrum 
of Saturn.  As f a r  as such f ea tu res  i n  T i t a n ' s  spectrum a re  concerned, T i t an ' s  
atmosphere resembles Uranus' a  l o t  more than i t  resembles Sa tu rn ' s .  I t  sup- 
po r t s  t h e  concept of a deep atmosphere f o r  t h e  p l ane t .  
Acetylene can be excluded as t h e  source of these  f ea tu res .  Whether they 
a r i s e  from o the r  l i g h t  hydrocarbons such as  ethylene o r  ethane remains unan- 
swered because the re  i s  almost nothing i n  t h e  l i t e r a t u r e  on the  spec t r a  o f  
these  molecules between 1 and 2 pm. I so top ic  methane i s  a very good candidate 
f o r  t h i s  absorber because i s o t o p i c  absorptions a r e  s h i f t e d  t o  t h e  long wave- 
length p a r t s  of  t h e  CHI, band. I f  t hese  f ea tu res  a r i s e  from the  photolys is  of  
CH4, I think the re  would be d i f f i c u l t i e s ,  becadse you would have t o  explain i t s  
absorption i n  t h e  atmosphere of Uranus, where most of  t h e  methane should be 
frozen out i n  the  upper layers .  Also, I cannot r u l e  out t h e  p o s s i b i l i t y  t h a t  
these  f ea tu res  a r i s e  from very weak methane t r a n s i t i o n s  which do not show up 
as  s t rongly  i n  Saturn ' s  spectrum because the  amount of methane v i s i b l e  i n  
Saturn ' s  atmosphere is l e s s .  I n  t h i s  event,  t hese  f ea tu res  by themselves would 
imply more than an order  of magnitude more methane i n  T i t a n ' s  v i s i b l e  atmosphere. 
Sagan: Regarding your i s o t o p i c  explanation,  a r e  the  i so top ic  r a t i o s  you need 
i n  order  t o  give the  observed l i n e  s t r eng ths  cons is tent  with, say ,  t e r r e s t r i a l  
p l ane t s?  
Trafton:  That ' s  a  good pa in t .  I haven' t  ca l cu la t ed  it. 
Figure 2-12. Comparative spectra of Titan, yranus, Saturn's south central 
meridian, and the Moon from 1.05 11 to 1.07  uncorrected for 
vignetting. The resolution element is 6.6 81. The lines repre- 
sent the optimally smoothed spectra and the pluses denote the 
data. Two observatipns per object were,required to cover this 
range. Titan's spectrum includes a number of strong features 
which are marginally visible in Saturq's spectrum and quite 
pronounced in Uranus' spectrum. After Trafton (1973a). 
Reprinted from Icarus, =:in press, with permission of - 
Academic Press, Inc. All rights reserved. 
Figure 2-13. Comparative spectra for the 1.05 pm to 1.07 pm region for a 4.0 
resolution element. These data were obtained during the latest 
apparition and have been normalized to the white light spectrum 
to remove vignetting effects. Titan's spectrum shows unequivo- 
cally the reality and strength of features hardly visible in 
Saturn's spectrum. The unidentified gaseous constituent respon- 
sible for these absorption features causes Titan's spectrum to 
approxim!te the spektrum of Uranus far better than the spectrum 
of Satgrn. The visible abundance of this constituent may be much 
greater than that visible-in Uranus' deep atmosphere owing to the 
probable saturation of th6 spectral features in Titan's spectrum 
and the low pressures. This $oints to a deep atmosphere for 
Titan. The unidentified feiiture at 1.057 pm must be of gaseous 
' origin'fn orkler to produce this spectral variation. After 
  raft on' (1973a). Reprinted from Icarus, 21 :in press, with 
--
permission'of Academic Press, Inc. All rights reserved. 
Sagan: But you could a t  l e a s t  s e e  whether you're o f f  by 2 orders  o f  magnitude. 
Hunten: The t rouble  with t h a t  is  t h a t  very of ten  t h e  t r a n s i t i o n  p r o b a b i l i t i e s  
f o r  v ib ra t ion - ro t a t ion  bands a re  gross ly  d i f f e r e n t  f o r  i s o t o p i c  forms; again 
the  r e a l  need is  f o r  l o t s  of lab da ta .  
Sagan: But su re ly ,  it would be astounding i f ,  l e t ' s  say,  t h e  C12/13 r a t i o  of 
Ti tan  were o f f  by seve ra l  orders  of  magnitude from what it i s  i n  comets and 
t h e  Earth.  I agree you have t o  use t h e  r i g h t  laboratory da t a .  
Your point  about it being unl ike ly  t h a t  t he  absorber i s  a photolys is  
product is  because it i s  i n  Uranus' atmosphere, where you have t o  go p r e t t y  
deep i n  order  t o  ge t  o p t i c a l  depth uni ty ,  i s n ' t  i t ?  
Trafton: Yes, deep i n  the  H2 t o  ge t  op t i ca l  depth uni ty  i n  t h e  CH4. 
Sagan: Have you ca l cu la t ed  t h a t ?  I mean, how does it work out  quan t i t a t ive ly?  
Trafton:  No, I d id  not  do a quan t i t a t ive  analys is .  One r e a l l y  should do t h i s  
accounting f o r  t he  temperature p r o f i l e  including the  e f f e c t  of  a temperature 
invers ion  i n  the  upper l aye r s  of Uranus' atmosphere. 
Sagan: Also, i f  it were a simple hydrocarbon other  than methane, how would 
you understand t h a t  except by photolys is?  
Trafton: Could t h e r e  be o the r  ways t h a t  hydrocarbons could be formed o the r  
than photolys is ,  perhaps i n  chemistry of t h e  i n t e r i o r ?  
Spectroscopic Evidence f o r  High-Altitude Dust 
The remaining b i t  of  spectroscopic evidence concerning T i t i n '  s atmospheric 
composition i s  t h e  anomalous u l t r a v i o l e t  (UV) absorption.  The r e l a t i v e  r e f l ec -  
t i v i t v  of Ti tan  i s  very c lose  t o  t h a t  of Saturn i n  t h e  s p e c t r a l  range 3000 t o  
4500 1, as  is shown i n  Figure 2-14. This i s  an i n t e r e s t i n g  r e s u l t  because the  
amount of gas i n  T i t a n ' s  atmosphere should produce a marked brightening i n  the  
u l t r a v i o l e t  from Rayleigh s c a t t e r i n g .  Because the  r e f l e c t i v i t y  i s  c lose  t o  , 
t h a t  of Saturn ' s  Ring f o r  a l l  wavelengths i n  t h i s  region ( the  value a t  3000 A 
i s  uncer ta in  because of s t rong  t e l l u r i c  absorption),  one concludes t h a t  t h e r e  
i s  no t r a c e  of Rayleigh s c a t t e r i n g  a t  a l l .  This i nd ica t e s  t h a t  t he re  i s  a 
s t rong amount of UV opacity high i n  T i t an ' s  atmosphere obscuring the  deeper 
gases. The geometric albedo as a function of wavelength o f  Titan i n  t h i s  p a r t  
of t h e  spectrum i s  shown i n  Figure 2-15. F e  c r o s s e s ~ d e p i c t  b4cCord's da ta ;  he 
now disclaims t h e  d iscrepant  poin t '  a t  3000 A. 
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Figure 2-14. Ratio spec t ra  of Titan vs.  Rings, 9/27/72 and 1/12/73. 
After Barker and Trafton (1973). Reprinted from Icarus,  
20:in press ,  with permission of Academic Press,  Inc. 
A l l  r i g h t s  reserved. 
Figure 2-15. Relative r e f l e c t i v i t y  and geometrzcal albedo of Titan. Reflec- 
t i v i t y  normalized t o  1 .0  a t  4330 A. Symbols: s o l i d  curve, 
9/27/72; dashed l i n e ,  1/12/73; $, McCord e t  a l .  (1971). Geo- 
metr ica l  albedo of 0.094 + 0.012 measured 4255 A. After 
Barker and Trafton (1973). Reprinted from Icarus,  20:in 
press,  with permission of Academic Press, Inc. ~ l l r i ~ h t s  
reserved. 
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Any homogeneous model atmosphere explaining Ti tan '  s  u l t r a v i o l e t  albedo 
implies a  UV absorber having a  very l a rge  v a r i a t i o n  with wavelength, even more 
than t h a t  f o r  Rayleigh s c a t t e r i n g .  Axel (1972) was able  t o  expla in  J u p i t e r ' s  
anomalous UV absorption i n  terms of a  f i n e  dus t ;  t h a t  is,  an e n t i t y  which he 
def ines  a s  nonscat ter ing  and varying inverse ly  a s  t h e  wavelength. This i s  the  
case f o r  p a r t i c l e s  small compared t o  t h e  wavelength of l i g h t  when the  complex 
index of r e f r a c t i o n  does not  vary  with wavelength. Because of t h e  success of 
t h i s  model with J u p i t e r ,  an i n t e r e s t i n g  ques t ion  is  whether one can a l s o  explain 
t h e  phenomenon of T i t a n ' s  UV absorption i n  terms of such a  dus t .  This i s  pos- 
s i b l e  onl-y when t h e r e  i s  an appropr ia te ly  inhomogeneous d i s t r i b u t i o n  of t h e  dus t  
i n  T i t a n ' s  atmosphere. I f  t h e  gas dens i ty  f a l l s  o f f  more r ap id ly  than t h e  dus t  
dens i ty  with height ,  it is  poss ib l e  t o  explain t h e  wavelength va r i a t ion  of t h e  
monochromatic UV albedo. I  approximate t h i s  condit ion by a  uniform dust  l aye r  
overlying a  l aye r  which cons i s t s  of a  mixture of a  f i n e  dust and a  Rayleigh 
s c a t t e r i n g  atmosphere. The ca l cu la t ions  ind ica t e  t h a t  sur face  albedo versus 
wavelength i s  qu i t e  compatible with what one f inds  f o r  the  o the r  s a t e l l i t e s  
of  t h e  s o l a r  system. For a  gray cloud underlying t h e  dust l aye r ,  an opposite 
extreme f o r  t h e  underlying atmosphere, t h e  ca l cu la t ions  are  a l s o  i n  f a i r  agree- 
ment with t h e  data.  This UV opacity appears t o  be compatible with the  observed 
albedo. 
Veverka: What phase angles d id  you make these  observations a t ?  
Trafton:  4 .5  degrees. 
Veverka: In the  u l t r a v i o l e t  t h e  phase coe f f i c i en t  i s  q u i t e  appreciable and 
you could be o f f  by as  much a s  7 % .  
Trafton:  Then the  da t a  should be so  corrected.  
Morrison: And what radius did you use? 
Trafton:  I  used the  radius  of 2550 ki lometers .  
Danielson: We have done some ca l cu la t ions  with dus t  absorbing a s  h - 3  mixed 
uniformly i n  an atmosphere and, i n  addi t ion ,  t h e  surface  albedo decreasing with 
wavelength and you can make t h e  f i t  t h a t  way a l s o .  With t h a t  kind of model, 
you can f i t  one o r  two km-A of Rayleigh s c a t t e r i n g  methane. 
Sagan: What i s  the  op t i ca l  depth of t h a t  model, say, a t  5000 L? 
Danielson: The op t i ca l  depth o f  t he  dust  is  about 0 . 2 ,  and t h e  Rayleigh s c a t -  
t e r i n g  is  somewhat l e s s  than t h a t .  
Sagan: Then you're seeing t h e  surface  very wel l .  
Trafton:  I  used t h e  cons t r a in t  t h a t  t h e  o p t i c a l  depth a t  0.3 um is a t  l e a s t  
0.45 f o r  Rayleigh s c a t t e r i n g  alone. In o the r  words, I s e t  a  lower l i m i t  t o  
t he  th ickness  o f  t h e  atmosphere. 
Danielson: I f  dust i s  defined as  something t h a t  absorbs as  1 / A ,  then  it seems 
a very r e s t r i c t e d  de f in i t i on .  I t s  complex index must be independent o f  wave- 
length f o r  t h a t  t o  happen; otherwise,  you can get  anything. 
Veverka: The point  i s ,  you use dust  t o  mean anything t h a t  s c a t t e r s  as  1 / A  t h e  
way you want it, with no p a r t i c u l a r  resemblance t o  anything r e a l .  
Trafton:  Yes. My purpose is t o  see  i f  one can explain T i t a n ' s  phenomenon with 
t h e  same dus t  theory t h a t  Axel used t o  explain J u p i t e r ' s .  
Sagan: I t  seems t o  me the  requirement f o r  an absorbing p a r t i c l e  high i n  the  
atmosphere is  a very r e s t r i c t i v e  one i n  t h e  sense t h a t  a l o t  o f  boundary con- 
d i t i o n s  a re  being forced upon you. For example, it seems un l ike ly  t h a t  t he  
source would be below because of t he  t ransparent  atmosphere underneath the  
dus t .  I t  looks as  i f  your dust  would have t o  be made up the re  a t  t he  top  of 
t he  atmosphere and, i f  t h a t  i s  the  case,  it looks very much l i k e  a photochemi- 
ca l  process.  
Trafton:  Yes, but it is  i n t e r e s t i n g  t o  note t h a t  t h e  shape of Saturn ' s  Ring 
spectrum i n  the  u l t r a v i o l e t  i s  so  c lose  t o  t h a t  of  T i t an ' s  t h a t  t he  same process 
may be opera t ing  on the  p a r t i c l e s  o f  Sa tu rn ' s  Rings. 
Sagan: I s  it poss ib l e  t h a t  a l l  of t h i s  i s  s o l i d  s t a t e  chemistry and doesn' t  
involve the  gas phase very much a t  a l l ?  
Trafton:  Very poss ib le .  
Veverka: You should add 10 t o  t h e  list, because the  spectrum of 10 is very 
l i k e  t h a t  of  Sa tu rn ' s  Rings. 
Spectroscopic Evidence f o r  an Elevated Cloud Layer 
Turning now t o  an i n t e r p r e t a t i o n  of t he  morphology of Ti tan ' s  i n f r a r e d  
spectrum, I  i nd ica t e  how these  d a t a  imply a cloud l a y e r  above most of  T i t an ' s  
methane. Such a cloud would most l i k e l y  be frozen methane p a r t i c l e s ,  i n  which 
case a temperature nea r  90°K would appear nea r  i t s  base. Furthermore, t h e r e  
would be a temperature gradient  a t  i t s  lower boundary s o  t h a t  a greenhouse 
e f f e c t  would be indica ted  i n  t h e  lower atmosphere. This i s  no t  necessa r i ly  
i n  cont radic t ion  with the  temperature invers ion  observed a t  high a l t i t u d e s  s ince  
t h e  l e v e l s  of t h e  atmosphere i n  question are  very d i f f e r e n t .  The l eve l  of t he  
12-micron emission appl ies  t o  o p t i c a l  depth un i ty  i n  t h i s  f ea tu re ,  while op t i ca l  
depth un i ty  i n  t h e  v i sua l  methane bands i s  probably much deeper because these  
bands a r e  h igh overtones and, hence, considerably weaker than t h e  fundamental. 
Some account must be made, however, of t he  r e l a t i v e  band s t r eng th  and abundance of 
of t h e  gas causing t h e  12-micron emission before  t h e  separa t ion  i n  these  l e v e l s  
can be determined. 
Since laboratory da ta  f o r  methane are  not  ava i l ab le  a t  low temperatures 
f o r  t hese  bands, I  employed Saturn ' s  spectrum along the  cen t r a l  meridian a t  
e levated  l a t i t u d e s  t o  derive the  necessary p rope r t i e s  of  t h e  methane bands. 
The absorption i n  t h i s  region should 'be  s i m i l a r  t o  the  spectrum of t h e  c l e a r  
gas,  as  absorption dominatzs t h e  s c a t t e r i n g  process here.  Goody's random band 
model applied t o  the  8900 A and 1 I.lm complexes provided the  r e l a t i v e  absorption 
s t r eng ths  a s  a  function of wavelength by assuming t h a t  these  bands a re  sa tu ra t ed  
i n  t h e  sense t h a t  they l i e  on t h e  square root  p a r t  of t h e  curve of growth. I  
have already shown above ' tha t  t h e  c l e a r  gas model of  T i t a n ' s  atmosphere does no t  
work. S imi lar ly ,  my attempts t o  f i t  an i s o t r o p i c a l l y  s c a t t e r i n g  atmosphere t o  
T i t an ' s  bands f a i l ,  both f o r  a  f i n i t e  and a  semi - in f in i t e  atmosphere, s ince  the  
required degree of washing out  i s  simply not obtained.  Furthermore, adding an 
opacity within the  confines o f  the  band, such as  might r e s u l t  from t h e  increased 
absorption of methane p a r t i c l e s ,  does not  explain t h e  enhanced s t r eng th  o f  the  
weaker f ea tu res  i n  T i t an ' s  spectrum, even though it washes out t he  s t r u c t u r e  i n  
the  bands. In order t o  keep t h e  band centers  from becoming too  dark from the  
added opaci ty ,  one has t o  increase  t h e  volumetric s c a t t e r i n g  coe f f i c i en t  t o  re-  
duce the  s c a t t e r i n g  mean f r ee  path.  This reduces t h e  s p e c i f i c  abundance of t h e  
gas and weakens the  f ea tu res  i n  the  continuum, so t h i s  model must be r e j ec t ed .  
The only model which I have found which works is  the  inhomogeneous one 
cons is t ing  of a  high cloud l aye r  overlying most of t h e  methane i n  the  atmos- 
phere. I  assume the  cloud t o  be  gray and the  s c a t t e r i n g  coe f f i c i en t  t o  be 
cons tant  over each band. I n t u i t i v e l y ,  t h i s  model works because t h e  p a r t i c l e s  
high i n  T i t a n ' s  atmosphere w i l l  r e f l e c t  back a  f r a c t i o n  of t h e  s o l a r  f l u x  
before  the  methane can absorb it.  This w i l l  f i l l  i n  a l l  bands uniformly, but 
t h e  most apparent r e s u l t  w i l l  be t o  f i l l  i n  t h e  centers  of t h e  s t rong bands. 
I f  t h e  o p t i c a l  depth of t h i s  haze l aye r  is  not  too l a rge ,  t he  absorption i n  
t h e  deeper l aye r s  w i l l  be v i s i b l e .  By making t h e  c l e a r  l aye r  below t h e  cloud 
l aye r  deep enough, one can enhance t h e  s t r eng th  of t h e  weak f ea tu res  t o  an 
a r b i t r a r y  f r a c t i o n  of t h e  s t rong ones. Therefore,  t h i s  model appears t o  be 
s a t i s f a c t o r y .  
Pollack:  As I  understand it, you're saying t h a t  t h e  s c a t t e r i n g  model f i t s  
t hese  bands and the  continuum albedo va r i e s  across t h e  band, i s  t h a t  r i g h t ?  
Trafton:  I  take t h e  "continuum albedo" constant  over t h e  band but  add a  gray 
background opacity within the  confines o f  t h e  band. I  do not  l e t  it vary 
across t h e  band although, i n  r e a l i t y ,  i t  probably would vary by some degree 
i f  it a rose  from, say, absorption i n  s o l i d  methane. The only way t o  g e t  t he  
semi - in f in i t e  s c a t t e r i n g  model t o  give the  required washing out  is t o  include 
t h i s  background opacity,  but we a r r i v e  a t  a  cont radic t ion  by doing t h a t  s ince  
the  increase  i n  s c a t t e r i n g  required t o  keep t h e  band centers  from becoming 
too dark causes o the r  f ea tu res  t o  be too weak. 
Rasool: Could the  dust be i n  t h e  form of i c e ?  Can you have l i qu id  p a r t i c l e s  
i n  the  cloud layer?  What do you mean when you day "dust" -- l i qu id  o r  so l id?  
Trafton:  When I  say  "dust", I  am t a l k i n  about t he  u l t r a v i o l e t  opacity which 
occurs a t  wavelengths s h o r t e r  than 4000 1 . In t h e  in f r a red ,  t h e  high cloud 
l aye r  no longer looks l i k e  a dust  layer ,  but l i k e  a s c a t t e r i n g  l aye r .  I  assume 
t h a t  i t s  u l t r a v i o l e t  opacity va r i e s  as  1/A, t o  see  i f  Titan can be explained 
with t h e  model Axel used f o r  Jup i t e r .  
Pollack: Did I  understand you t o  say  t h a t  t h e  1 um observation indica ted  sca t -  
t e r i n g  as  well as absorption,  i s  t h a t  co r rec t ?  
Trafton: Yes. I  be l ieve  t h e  continuum albedo a t  1 pm i s  about 0.36 t o  0.39. 
Danielson: Can you summarize the  key reason o r  reasons why t h e  washing out  of  
t he  bands cannot be explained by t h e  f a c t  t h a t  l i n e s  on Titan must be q u i t e  
narrow? It seems t o  me the  washing out of t h e  bands i s  a  very important p a r t  
of  t he  argument t h a t  you need f o r  a s c a t t e r i n g  l aye r .  I f  t h a t ' s  t r u e ,  your 
explanation w i l l  do i t ,  but it may not be unique. 
Trafton: I  be l ieve  you do need i t ' b e c a u s e  the  l i n e s  a re  so  s t rong t h e i r  Doppler 
cores a re  e s s e n t i a l l y  black.  Any f u r t h e r  absorption depends on the  absorption in 
t h e  Lorentz wings. 
Danielson: But t h e r e  may be spaces between the  l i nes .  
Trafton: However, growth i n  absorption comes from the  Lorentz wings; t h i s  w i l l  
no t  wash out t h e  s t r u c t u r e  of t he  bands. 
Danielson: But doesn ' t  t h a t  mean they make it black between the  cores? 
Trafton:  No. The observed lower l i m i t  t o  t h e  equivalent  width of T i t a n ' s  R(5 )  
manifold, a  r e l a t i v e l y  weak f ea tu re ,  implies t h a t  t he  absorption i n  the  cen te r  
of  i t s  l i n e s  i s  black; any f u r t h e r  absorption must t he re fo re  occur i n  the  
Lorentz wings. The curve of growth i n  t h i s  regime w i l l  be the  square root 
asymptote, which has a r e l a t i v e l y  s t eep  s lope .  You can ' t  explain washing out 
of  t he  cont ras t  with a s lope  t h a t  s t eep .  You could explain it with the  shallow 
Doppler curve of growth, but  I  attempted t o  show t h a t  T i t a n ' s  physical  regime 
l i e s  above t h i s  curve s o  t h a t  t h i s  s i t u a t i o n  i s  excluded. 
Danielson: Even i n  t h a t  regime with c e r t a i n  l i n e  spacings,  you can get  a wash- 
ing  out .  Make l i t t l e  spaces b ig  enough between the  l i n e s  and you su re ly  ge t  i t .  
So, i t  takes  de t a i l ed  modeling t o  r e a l l y  e s t a b l i s h  these  f a c t s ,  doesn ' t  i t ?  
Trafton: What we a re  measuring, and ac tua l ly  accounting f o r  i n  the  anglys is ,  
is  an average of t he  rapid ly  varying monochromatic albedo over t h e  17 A reso- 
l u t ion  element of  t h e  spectrograph. Random band models, as  previously shown, 
e s t a b l i s h  t h e  r e l a t ionsh ip  between t h e  albedo i n  the  band and the  behavior 
with wavelength of t h e  mean l i n e  s t r eng th  i n  terms o f  t h e  equivalent  width 
of a mean l i n e  and t h e  curve o f  growth. 
Danielson: That 's  correc t ,  bu t  one parameter i n  the re  i s  a mean l i n e  spacing. 
This spacing must depend on t h e  t o t a l  abundance you have, because i f  you had 
much more abundance i n  the  l i n e  of s i g h t  on Ti tan ,  you would br ing  i n  f a r  more 
l i n e s  and hence the  mean l i n e  spacing would change, I suspect .  
Trafton: There i s  t h a t  p o s s i b i l i t y .  
Danielson: Your models a re  based on t h e  f a c t  t h a t  t h e  mean l i n e  spacing i s  t h e  
same f o r  Saturn and Ti tan ,  and then your ca lcula t ions  ind ica t e  t h a t  t he  c l e a r  
spaces between the  l i n e s  cannot explain the  washing out  and hence you need some 
sca t t e r ing .  
Trafton:  That i s  r i g h t .  I do assume t h a t  t h e  l i n e  spacings a re  the  same, going 
from Saturn t o  Titan a t  a given wavelength. To get  a washing out ,  one must f i nd  
t h a t  t he  r a t i o  of t h e  equivalent  width of a mean l i n e  t o  the  mean l i n e  spacing 
decreases with respect  t o  t h e  same r a t i o  when no new l i n e s  a re  added as  t h e  
abundance i s  increased.  Adding weak l i n e s  reduces t h e  mean l i n e  spacing; but 
it a l s o  reduces the  mean equivalent  width. I t  i s  not  a t  a l l  c l e a r  t h a t  t h e  
above r a t i o  should become s i g n i f i c a n t l y  l e s s .  
Note: This a r t i c l e  i s ,  i n  p a r t ,  a summary of publ ica t ions  and p rep r in t s  by 
-
Barker and Trafton (1973), and Trafton (1972a, 1972b, 1973a, 1973b). 
